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Introduction
The human genome contains a wide variety of endogenous retrovirus-like elements that may constitute as much as 0n1-0n6 % of the total genome (reviewed in Wilkinson et al., 1994) . These endogenous proviruses presumably result from an ancient infection of the germ cells by exogenous viruses. Such elements became fixed within the population and currently appear to form relatively stable components of the human genome. Some of these elements are present at the same location in the genomes of all primates, indicating that the element inserted at the time when these species shared a common ancestor, which is estimated to be at least 25 million years ago.
The HERV-K family of endogenous retroelements is particularly interesting because there is some evidence that members of this family are still biologically active. First, although HERV-K sequences have been detected in the genomes of great apes and Old World monkeys, New World monkeys do not possess this family of sequences (MarianiAuthor for correspondence : Ben Berkhout.
Fax j31 20 691 6531. e-mail B.Berkhout!AMC.UVA.NL HML-2 subgroup. PCR was used to amplify reversetranscribed RNA of a 595 bp region of the RT gene in a variety of human cell samples, including normal and leukaemic bone marrow and peripheral blood, placenta cells and a transformed T cell line. We provide an extensive phylogenetic analysis of the relationships for this cluster of HERV-K-related endogenous retroviral elements. Nucleotide diversity values for nonsynonymous versus synonymous codon positions indicate that moderately strong selection is or was operating on these retroviral RT gene segments. The evolution of this class of endogenous retroelements is discussed. Costantini et al., 1989) . Furthermore, there are indications of a unique insertion in the chimpanzee genome, which could be the result of either a retrotransposition event or reinfection during recent evolutionary history (Craig et al., 1991) . Second, most HERV-K members are transcriptionally active (Medstrand & Blomberg, 1993) and, unlike many of the other sequenced HERV elements, the prototype HERV-K10 provirus contains very few mutations that interrupt the viral open reading frames . Third, there is now substantial evidence that HERV-K elements encode the retrovirus-like particles produced by the teratocarcinoma cell line GH and the particles detected in the placenta of primates (summarized in Lower et al., 1996) , and HERV-K10-like sequences were also found in particles produced by the mammary carcinoma cell line T47D (Patience et al., 1996) .
We set out to identify additional HERV-K members in order to analyse in more detail the phylogeny of this family of endogenous retroviruses. Early estimates on the copy numbers suggested that approximately 50 copies of HERV-K10-like elements are present in the haploid human genome . Cross-hybridization studies revealed nine different groups related to mouse mammary tumour virus (MMTV) and to each other (Franklin et al., 1988 combination with primers derived from conserved regions of the reverse transcriptase (RT) gene, was used to identify six HERV-K-related subgroups with a nucleotide sequence dissimilarity of about 25 % between the groups (Medstrand & Blomberg, 1993) . These authors termed the subgroups HML-1 to HML-6 (human endogenous MMTV-like) and, although there is some controversy regarding this nomenclature (Simpson et al., 1996) , we have used these names throughout this study. Most PCR studies to date have used a primer pair that amplifies an RT fragment of approximately 250 bp. In this study, we used a primer set designed by Li et al. (1996) that has the advantage of amplifying a much larger RT fragment of approximately 600 bp. A few known HERV-K10-like sequences were found and ten new members of the HML-2 subgroup were identified. The nucleotide sequence data of this larger RT fragment made it possible to clarify the structure of this subgroup of the HERV-K family.
Methods
Tissues and cells. Bone marrow was obtained by routine diagnostic puncture from children with acute leukaemia at diagnosis [F N8 and M3 with acute T-cell lymphoblastic leukaemia (T-ALL), F H3 with acute precursor B-cell lymphoblastic leukaemia (cALL), F L4 with acute nonlymphoblastic leukaemia FAB M4 (ANLL M4) and patients with cALL in complete remission (F K1 and D1)]. Normal bone marrow was obtained from one patient with a malignant solid tumour without bone marrow involvement (F P10). We also used a peripheral blood sample from a patient with hairy cell leukaemia with peripheral blood involvement (generously donated by J. C. Kluin-Nelemans, Academic Hospital, University of Leiden, The Netherlands). Human placenta tissue was obtained from the Department of Obstetrics (AMC). The lymphoblastoid SupT1 T cell line (Smith et al., 1984) was cultured as described previously (Das et al., 1995) .
RNA/DNA isolation and preparation of cDNA. Bone marrow and peripheral blood mononuclear cells were isolated directly after puncture by gradient centrifugation with Ficoll-Paque (Pharmacia), and washed twice with PBS. Cells were then either stored at k70 mC or lysed directly in 4 M guanidinium thiocyanate solution and total cellular RNA was purified on a CsCl gradient as described previously (Chirgwin et al., 1979) . Cellular DNA was isolated by standard phenol-chloroform extraction (Sambrook et al., 1989) from the SupT1 T-cell line and human placenta cells. RNA and DNA samples were solubilized in 30 µl TE buffer and stored at k70 mC. In the RT-PCR protocol we synthesized cDNA as follows : 2 µl RNA was incubated for 10 min at 65 mC, and then incubated for 2 h at 38 mC with 5 µg random hexaoligonucleotides (Boehringer) in a total volume of 20 µl annealing-buffer (50 mM Tris-HCl pH 7n4, 10 mM MgCl # , 1 mM DDT, 0n2 mg\ml BSA) with 20 U RNasin (Boehringer), 20 U AMV RT (Boehringer) and 10 mM deoxynucleoside triphosphates (dNTPs, Pharmacia).
PCR amplification and cloning.
A 3 µl sample of the RT reaction was amplified by PCR with the MOP-2 primer set consisting of degenerate oligonucleotides (Li et al., 1996) in 100 µl buffer (10 mM Tris-HCl pH 8n3, 2 mM MgCl # , 50 mM KCl) with 1 µg of each MOP-2 primer, 250 µM dNTPs and 2n5 U AmpliTaq DNA polymerase (Perkin Elmer). Samples were overlaid with 50 µl of liquid paraffin and amplified in a DNA thermal cycler (Perkin Elmer) with the following reaction profile : 95 mC for 5 min and then 35 cycles of 95 mC for 1 min, 42 mC for 2 min and 72 mC for 2 min with a final extension step at 72 mC for 10 min. The PCR products were analysed on 1n5 % Tris-borate-EDTA agarose gels and fragments of approximately 600 bp were extracted from the gel and purified by the QIAEX II method (Qiagen). The DNA was solubilized in 10 µl, of which 3 µl was used for ligation into the pCRII TA cloning vector (Invitrogen). The ligation mixture was transformed into competent E. coli (INV alpha, supplied with TA cloning kit). Individual clones were screened for inserts by PCR, and positive samples (purified DNA or PCR material) were subjected to sequence analyses on both strands with the T7 and M13 reverse primers on a 373 automated sequencer (ABI) according to the dye primer cycle sequencing protocol.
Sequence analyses.
To study phylogenetic relationships within the HML-2 subgroup of endogenous retroviruses, nucleotide sequences were aligned with PCGENE software (IntelliGenetics). The alignment was corrected manually. All positions with an alignment gap in at least one sequence were excluded from any pairwise sequence comparison. Nucleotide distances were calculated with PCGENE software. Synonymous and nonsynonymous nucleotide p-distances (d s and d a , respectively) were calculated with the MEGA program (Kumar et al., 1993 ). The d s \d a ratio for a group of sequences was calculated as described previously (Lukashov et al., 1995) according to the formula
where ΣM si and ΣM ai represent the sum of (weighted) mutation events at coding synonymous and nonsynonymous sites, respectively, and ΣS si and ΣS ai the sum of coding synonymous and nonsynonymous sites, respectively. The neighbourjoining phylogenetic analysis was performed with the MEGA package, the distance matrix was generated with Kimura's two-parameter model. The bootstrap analysis was performed with 100 replications. The maximum parsimony analysis was performed with the PHYLIP package (Felsenstein, 1990) .
Nucleotide sequence accession numbers. The nucleotide sequences of ten new members of the HML-2 subgroup presented in this study have been deposited in the GenBank database under the following accession numbers : clone M3.8 (U87587), HP.1 (U87588), K1.1 (U87589), N8.4 (U87590), P1.1 (U87591), M3.5 (U87592), P1.8 (U87593), P1.10 (U87594), D1.2 (U87595), D1.3 (U87596). The reference and accession numbers of published retroviral sequences that we included in this study are as follows : HML-2.1 (accession number U35104), HML- 
Results

PCR amplification of novel HERV-K viruses belonging to the HML-2 group
Cellular RNA was isolated from leukaemic and normal bone marrow and peripheral blood samples. Total RNA was converted into cDNA by reverse transcription with a mixture of random hexamer primers and the AMV RT enzyme. In addition, we isolated DNA from human placenta tissue and the SupT1 T cell line. These cDNA and DNA samples were subsequently PCR-amplified with the MOPs-2 primer set that was designed to detect HERV-K10-like sequences (Li et al., 1996) . Most samples yielded products of the expected 650 bp size (including the PCR primers) on agarose gels. The PCR products were subcloned and multiple clones were sequenced for each RNA\DNA sample. A total of 25 HERV-K10-like RT sequences were identified. In this study, we will focus on those elements that belong to the HML-2 group (listed in Table 1 ). The other sequences are also HERV-K10-related and will be presented elsewhere (J. Zsı! ros & B. Berkhout, in preparation). Some sequences were obtained in duplicate (e.g. clones N8.4 and P1.2 are identical), and some sequences were identical to published elements [e.g. clones C1.3 and HP.3 are identical to each other and the published HM16 element (Deen & Sweet, 1986) ]. Different HERV elements were obtained from individual cell samples (e.g. five different HERV elements were isolated from the bone marrow sample P1).
All clones amplified with the MOPs-2 primer set belong to the HERV-K family, consistent with the initial results of Li et al. (1996) . Nucleotide sequence identity of the elements listed in Table 1 with the HERV-K10 prototype sequence varied between 88n7 to 99n2 % (Fig. 1) . Similarity among the new elements ranged from 85n2 to 99n6 %. For sequences differing by only a few bases it is possible that the differences result from misincorporations during the initial reverse transcription reaction or the subsequent PCR amplification by Taq polymerase, which lacks proofreading exonuclease activity. To control for such possible errors, the following experiment was performed. Cells were transfected with the pLAI molecular Fig. 2 . Nucleotide sequence alignment of new members of the HML-2 group. All sequences were compared with the prototype HERV-K10 sequence (top line) . Dashes indicate base identities, dots indicate insertions and gaps indicate deletions in the sequences compared with HERV-K10. clone of HIV-1 and cellular RNA was used to amplify RT sequences with the same RT-PCR protocol. The cDNA products were cloned and six recombinant plasmids were sequenced. We found two mismatch mutations, indicating that on average 0n33 mutations are generated by the RT-PCR protocol for a 598 bp RT fragment. Thus, for our study of different HML-2 species, the clones differing by one nucleotide are likely to be generated from the same mRNA species, and are therefore considered to be identical.
Comparison of the nucleotide sequence of the new clones with published elements indicated the highest similarity with HERV-K10-like elements belonging to the HML-2 subgroup. These published HML-2 elements were obtained with a different PCR primer set that yields a significantly shorter RT fragment of only 244 bp. Thus, direct comparison of the new retroelements with these HML types is restricted to this small RT fragment. Within the small RT fragment, clones St.2 and P1.4 are identical to HML-2.2 and HML-2.5, respectively (Medstrand & Blomberg, 1993) , and clones L4.4 and H3.1 are indistinguishable from the GenBank entry clone 5 : 30 (not shown). Obviously, we cannot exclude the possibility that these elements differ in sequences outside the 244 bp RT fragment. Most importantly, we identified ten novel members of the HML-2 subgroup. Nucleotide sequence identity between the new RT sequences and known members of the HML-2 subgroup is 84n2 to 98n8 % for the small RT fragment. Clones N8.4, P1.1, P1.8, M3.5, M3.8 and HP.1 are mostly related to HML-2.1 with a similarity of 94n7 to 98n8 %, P1.10 is closest to HML2.5 (98n8 % similarity) and clones K1.1, D1.2 and D1.3 show the highest identity with HML-2.6, ranging from 92n7 to 98n8%.
The new HML-2 nucleotide sequences are compared with the prototype HERVK-10 in Fig. 2 . The two clones P1.8 and M3.5 contain a nine nucleotide insert, and although the sequence of the inserts differs by two bases, the same AVN amino acid triplet is encoded (see Fig. 3 ). The insert forms an almost perfect repeat of the downstream nucleotide sequence, suggesting that it was generated by slippage of the RT enzyme during reverse transcription. No other insertions were detected, but several deletions were observed in individual clones. Two relatively extended deletions of 11 bp and 23 bp are present in clone D1.3, both resulting in frameshift mutations that interrupt the RT reading frame (see Fig. 3 ). Smaller deletions were observed in several clones. Comparison of the 5h-and 3h-most RT sequences did not provide evidence for recombination between different HML-2 members, although Fig. 4 . Phylogenetic analysis of the HML-2 group by the neighbour-joining method. For this analysis we used either the short 244 bp or large 600 bp fragment of the RT gene (a and b, respectively). Sequences of published HERV-K10-like isolates are shown in italics ; all other entries were identified in this study (see Table 1 for source of the samples). Branch lengths are proportional to the distances between the taxa. The values at the branch points indicate the percentage support for a particular node after 100 bootstrap replicates were performed.
Fig. 5.
Phylogenetic analysis of the HML-2 group with the maximum parsimony method. Maximum parsimony tree of endogenous retroviral elements by alignment of a 600 bp RT fragment as shown in Fig. 2 . The tree was constructed with the PHYLIP computer program (Felsenstein, 1989) . Each new sequence is labelled with the clone name (Table 1) .
this 600 bp fragment may be too small to detect such events. We translated the putative RT genes and compared the amino acid sequences with that of other HML-2-related elements reported in the literature (Fig. 3) . As discussed above, the nine nucleotide insertion in clones P1.8 and M3.5 results in duplication of the AVN triplet. Most deletions that were observed in the nucleotide sequence result in frameshifts. Five of the newly identified HML-2 elements contain an open reading frame for this part of the RT gene (these clones are marked by an asterisk in Fig. 3 ). Several conserved motifs that were previously used to design RT-specific primers can be recognized, e.g. the LPQG and YIDD elements (indicated in Fig. 3 ).
Generation of a detailed phylogenetic tree for the HML-2 group
Phylogenetic trees were constructed with the neighbourjoining and maximum-parsimony methods. To study the evolutionary relationships within this HML-2 group of retroelements, we analysed both the new and previously published HML-2 sequences. As noted above, most published HML-2 RT sequences are much smaller than the 600 bp fragment that was amplified in this study. We therefore generated phylogenies for two nucleotide sequence sets : one analysis included all previously identified HML-2 isolates and was performed on the 244 bp RT fragment (Fig. 4 a) ; the second analysis was performed with a smaller number of sequences for which the 600 bp RT segment was available (Fig.  4 b) . The general topology of the trees obtained with the neighbour-joining method was similar for the small versus large RT fragments. For instance, in both cases subgroups containing the prototype HML-2.5 and HML-2.6 isolates are identified. However, detailed inspection of the two trees indicated some gross differences in the phylogeny of other clones. We think that the analysis of the larger RT fragment is more reliable for two reasons. First, this analysis provided much greater bootstrap values than the analysis of the small RT segment (compare panels A and B of Fig. 4) . Second, the tree obtained with the parsimony analysis (Fig. 5) revealed the same overall topology as the distance analysis of the large RT fragment (Fig. 4 B) , testifying to the reliability of the outcome of the phylogenetic analyses.
We used the phylogeny of the 600 bp RT fragment for a detailed taxonomy of the HML-2 subgroup into eight branches as indicated in Fig. 4 (b) (HML-2A to HML-2H). Most branches separate with high bootstrap values (98 %) in the neighbourjoining trees of the larger RT fragment (Fig. 4 b) . Although the bootstrap value separating the A and C sequences is less impressive (78 %), this branching is fully supported by the parsimony analysis (Fig. 5) . The ranking order of the branches was determined arbitrarily by the number of isolates. For instance, the largest subgroup is HML-2A, which contains seven members including the prototype HERV-K10 element. Three subgroups with a single member were recognized. The HML-2F subgroup consists of the St.2 element of which the 600 bp RT fragment was identified in this study, but note that this clone is identical to the published HML-2.2 clone over the 244 bp RT fragment. Subgroups HML-2G and HML-2H correspond to clones for which only small RT fragments were reported : sequences HML-2.3 and HML-2.4, respectively.
In order to determine the evolutionary forces that could generate the sequence heterogeneity among the different members of the HML-2 group, we analysed separately the synonymous and nonsynonymous substitutions within the larger RT fragment. This analysis was performed for all sequences shown in Fig. 4 (b) , as well as for the subset that contains an RT open reading frame. The mean synonymous and nonsynonymous variation within a particular HML-2 subgroup was calculated as the mean of the synonymous and nonsynonymous distances between individual sequences belonging to this subgroup. To calculate the mean synonymous and nonsynonymous distances between two separate HML-2 Fig. 4 (b) .
subgroups, each sequence belonging to one subgroup was compared with each sequence from the other subgroup. Interestingly, most sequence variation within and between HML-2 subgroups was due to synonymous nucleotide substitutions. For instance, the mean synonymous nucleotide distances between the most diverged HML-2 subgroup B and other HML-2 subgroups ranged from 25n1 to 30n5 %, whereas the mean nonsynonymous nucleotide distances ranged from 4n2 to 6n8 % (data not shown). The d s \d a ratios within and between subgroups ranged from 1n8 to 7n1 (Fig. 6) . These results indicate that purifying selection is or was operating on this RT gene segment of these endogenous retroviruses. Furthermore, the topologies of the neighbour-joining phylogenetic trees obtained with these two sets of codon substitutions were similar to each other and matched the structure of the tree shown in Fig. 4 (b) (data not shown).
Discussion
The MOPs-2 primer set was used to amplify an approximately 600 bp RT fragment of HERV-K10-related retroviral sequences. In this study, we identified ten new members of the HML-2 subgroup. The current HML-2 subgroup consists of 27 members (Fig. 4) , which is considerably larger than anticipated from the approximately 15 signals that were observed with HML-2-specific probes on Southern blots (Medstrand & Blomberg, 1993) . It is likely that the Southern technique did not detect all HML-2 members as individual hybridization signals because of the conservation of restriction sites among different HML-2 sequences. The phylogenies presented in Figs 4(b) and 5 represent a detailed picture of this HML-2 subgroup of retroelements. We recognized eight subgroups that range in size from seven members (HML-2A) to the single member subgroups HML-2F, HML-2G and HML-2H. In general, the topology of the trees obtained by the distance and parsimony methods are similar, testifying to the reliability of this organization.
Among the 21 HML-2 isolates for which a 600 bp RT Fig. 4 b) . Analysis of full-length clones is under way to test whether these elements encode a functional RT enzyme. The original HERV-K10 isolate encodes a full-length RT protein, but no activity could be detected with recombinant forms of this protein [mentioned as unpublished data in the review article by Lower et al. (1996) ]. Although these endogenous RT enzymes may require special assay conditions for activity, it is also possible that the HERV-K10 RT contains some inactivating mutations. Fig. 3 shows that new HML-2 elements differ at several amino acid positions from the prototype HERV-K10 sequence. For instance, comparison with other RT sequences (Xiong & Eickbush, 1990 ) reveals two relatively well-conserved amino acids at position 9 and 10 in all clones, except for the HERV-K10 prototype ( Fig. 3 : dipeptide HT, which is RM in most other isolates). To test this possibility, full-length HML-2 RT genes should be cloned and assayed for enzyme activity. RT activity has been recognized within virion particles of HERV-K-related endogenous retroviruses that are frequently observed in the placenta of primates and these particles were recently demonstrated to package HML-3 and HML-6 RNA sequences (Simpson et al., 1996) . This suggests that at least some members of the HML-3 and HML-6 groups encode a functional RT protein, although enzyme activity was not yet demonstrated for one of these clones (Simpson et al., 1996) . Given the transcriptional activity and complete RT open reading frame in several HERV-K elements, it remains possible that these elements are still active as intracellular retrotransposons. Analysis of the synonymous and nonsynonymous mutation rates revealed a significant bias for the synonymous or silent codon changes (d s \d a ratios ranged from 1n8 to 7n1). Ratios 1 were also measured for the equivalent RT region of HIV-1, which is an actively replicating, exogenous retrovirus. The strong prevalence of the synonymous nucleotide substitutions indicates that the genetic variation observed within the HML-2 group is for a large part the result of purifying (negative) selection. The target for this selection may have been an exogenously replicating ancestor of the HML-2 virus. Alternatively, the high d s \d a ratios may suggest that the contemporary, endogenized HML-2 retrovirus is still under selective pressure to maintain replicative capacity, leaving open the possibility that these elements still exhibit retrotransposition activity.
The idea that HML-2 elements have spread throughout the human genome by intracellular retrotransposition would predict a high similarity between the integrated proviruses because of a direct mother-daughter relationship. Instead, the phylogenies presented in this study (Figs 4 b and 5 ) do not form a continuous spectrum of variants, but rather form clusters of related sequence elements. Another argument against spread via retrotransposition is the absence of recombination within the RT fragments, although such an analysis should be repeated with full-length proviral elements. These results may suggest that the current group did not result from intracellular amplification, although it cannot be excluded that many differences between the HML-2 elements are due to somatic mutations that occurred after provirus integration. Thus, the current HML-2 group is likely to represent independent introductions into the germline by infections with different members of an exogenous quasispecies of infectious retrovirus that existed many millions of years ago. An intriguing possibility is that the endogenized HML-2 proviruses provided the host cell with a mechanism to become immune to new infections. There is accumulating evidence that endogenous retroviral sequences can protect cells from infection by a related autonomous retrovirus (Craig et al., 1991 ; Robinson et al., 1981 ; Rubin, 1960 ; Best et al., 1996 ; Goff, 1996 ; Coffin, 1996) .
A variety of cell samples derived from children with leukaemia or with normal bone marrow were used in this study for the amplification of HERV-K10-like sequences. We note that the cause of childhood leukaemia is unknown for most cases. There is some epidemiological evidence that an infectious agent is involved (reviewed in Greaves & Alexander, 1993) , but as yet no definite, or even candidate, agents have been identified. It has been suggested that an infective agent is involved in the aetiology of both acute lymphoblastic leukaemia (ALL) of childhood and ALL occurring at other ages (Greaves & Alexander, 1993 ; Mariani-Costantini et al., 1989) . The possible existence of an infectious agent in human leukaemia was reinforced by the discovery that mouse mammary tumour virus is an aetiological agent of murine mammary tumours and that retroviruses cause leukaemia in chickens as well as other animal species (reviewed in Weiss, 1985) . Also, an immune response to HERV-K proteins was detected in human patients with certain tumours (Vogetseder et al., 1993 ; Sauter et al., 1995) . Obviously, the number of samples analysed in this study is too small to evaluate whether the expression of certain HERV-K elements is altered in leukaemic bone marrow or peripheral blood.
Note added in proof. Recently, the HERV-K10 family of human endogenous retroviral elements was implicated in the induction of the autoimmune disease type 1 diabettes through expression of a superantigen domain within the viral Env protein [B. Conrad, R. N. Weissmahr, J. Bo$ ni, R. Arcari, J. Schupbach & B. Mach (1996) . A human endogenous retroviral superantigen as candidate autoimmune gene in type 1 diabetes. Cell 90, [303] [304] [305] [306] [307] [308] [309] [310] [311] [312] [313] .
